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Summary / Overview 

The first balhstic range of the plasmogasdynamic laboratory of Ioffe Physico- 
Technical Institute has been created in 1953. It was intended for investigations of 
the drag and the flow around bodies in the free flight at sub-, super- and hypersonic 
velocities [1]. At present the experimental base of the laboratory consists of two 
hypersonic ballistic ranges and the shock tube of the electrical discharge type 
[2-4].The installations are used to investigate aerodynamic characteristics of 
different bodies and the flow around the bodies in various media; properties of 
shock waves propagating in different gases and plasma; the hypersonic wake behind 
flying bodies; the shock waves-moving and motionless bodies interaction; the 
interaction of flying bodies with the heat, plasma and blast heterogeneities as well 
with motionless obstacles and etc. 

In the report we adduce the brief description of the experimental 
installations of the laboratory and discuss the Tesults of studying the anomalous 
phenomena arising under the shock waves and todies movement in reacting gases 
and in low temperature gas discharge plasma. 

When moving shock waves and bodies in reacting gases at the regimes of the 
anomalous relaxation, it is appeared the instability of shock waves, the flow behind 
the shock waves and the inviscid wake behind flying bodies become turbulent, it is 
changed the drag of a body and the heat flux on its surface, it is observed the 
anomalous emission and so on. 

While moving shock waves and bodies in low temperature gas discharge 
plasma, it is expended the velocities range with the subsonic regime of the flow 
around bodies, it is changed the drag the pressure distribution and the heat flux, the 
velocity of the shock waves propagation increases, the shoek wave structure 
changes and so forth. 

All the phenomena are caused by nonequilibrium physico-chemical processes 
in plasma or in reacting gases when shock or sonic waves are propagating in these 
media. In this report it is analyzed all the complex of anomalous phenomena which 
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occur when moving shock waves and bodies in reacting gases or in plasma and is 
discussed the nature of these phenomena. 

Technical    Discussion 

1. Experimental Installations 

In this section it is adduced the description of the experimental installations of 
the plasmogasdynamic laboratory of Iofle Physico-Technical Institute [2-4]. 

Tlie scheme of one of them (me ballistic range BU-88 FTI RANJ2]) is shown 
in Fig 1. This installation is destined for stadying aerodynamic /characteristics and 
the flow around bodies in various .gases and plasma under sub-, -super- and 
hypersonic velocities of a flight As it is seen on Fig:l the installation consists of 
the powder gun ( the muzzle velocity V< 2,5 km/s. me calibres of test models 
d=10-30mmX me system of cutting off parts of the case from the flying model (the 
case protects the model from the damage under its movement through the barrel) 
the pressurized chamber (the length -11m, the inner diameter -0,3m). the optical 
and electronic apparatus and the bullet collector. 

Experiments are carried out in the Showing way; the test model is mounted 
in the barrel at the required angle of attack.by means of the composite case {the 
composite design of the case facilitates the separation its parts from the fired 
model) The barrel is evacuatedup to the forvacuum and men me model is shot. 

The shot model is separated from details of the case and is flying into the 
pressurized chamber which is filled up working sas. m the flight the test model 
usually oscillates relatively to the zero or oalance angle of attack. The entrance 
velocity of the model in me pressurized chamber can change with me -powder 
weight from 0.15km/s to 2.5km/s.The working range ofthe pressure i& 50-3-TO Pa. 
The experiments are conducted in any gases, mixtureof^gases and plasma. And so 
in experiments it is reproduced me numbers M and Re near to the full-scale ones 
(see Fig.2). In case in experiments it is used gases having the some velocity less 
than the freon-12 one, numbers M up to 25 canoe obtained at the installation. 

Having flown in the pressurized chamber the test model is bein& 
photographed successively by the shadow or Toepters methods in two mutual 
perpendicular directions in 17 points of the track. The scheme of photographing is 

shown in Fig.3. 
Impulse light sources 1 (the duration of the luminescence ~40ns) are placed 

in foci of objectives 2 ( we use the objectives   T-llM with the focal distance 
1200mm the relative aperture 1:9and Telemar 7M with 1000mm, l:7).Owingtoit 
we attairl the parallelism of the hght beams which cross the working zone of the 
installation (the zone of the registration of the flying model). The working zone is 
enlightened in two directions through the glass windows 4 of pressurized chamber 
7 There are the coordinate systems 5 on the external side of windows, they are the 
crossed tight steel strings. Theturn -mirrors 3 are intended for the diminution of the 
cross-gabarit of the installation. The objective 8 placed the two focal distance from 
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the pressurized chamber axis images the flying model in the plane which is 
disposed the two local distance from this objective . In this plane it is placed a 
photocassete 10 if it is necessary to obtain the schlieren photograph. There is an 
optical knife 9 in the focus of the objective 8 serving for the increase of sensibility 
of the schlieren system. The ordinary shadow photographs me received if the 
cassettes are placed in the position 6.The scale of the photographs is 1:1 m both 

cases 
The flying model is photographed automatically by means of the 

synchronizing apparatus Revised in our institute {6,8]. Flying in me pressurized 
chamber the model Aed by the gun is crossing narrow bunches of me light emitted 
by the slit sources of the light i^ßg.1). It is caused the changeof the illuminance 
ofphotocathodes of photomultipliers (PM) f n which are disposed at me opposite 
side of the installation. As airesult every PM generates the electneal signal wmch 
goes to the conformableblock of the synchronizing apparatus BQ where it is 
amplified is formed and is delayed for a time whichis necessary themodel to fly 
from PM to the center of a visual field of the objective. The delayed signal goes to 
the spark generator, the lastproduces a short 4ight pulseexposing a photofihn. 
Electronic chronographs placedat the control panel aremeasunng the time between 
the moments of exposing. A totality of photographs obtained in each experiment 
together with data of measurements of geometric parameters of test model and its 
mass of the pressureand me temperature -of the worldnggas and^.isthepriniary 
experimental information which is necessary for determing aerodynamic 
characteristics, for studying the flow around the model and physico-chemical 
processes before andbehind shock waves and hypersonic wakes. 

In the ballistic experiment aerodynamic characteristics are determined from 
data of measurements of photographs and of model parameters by methods which 
are founded on using the differential relations between aerodynamic coefficients 
and parameters of trajectory of the test model. These relations are fixed by the 
general equations of the motion. All the methods are reduced essentially to 
determing linear and angular velocities and accelerations from experimental data 
and it requires differentiation < including double one )of experimental dependencies 
and to the following calculation of aerodynamic coefficients with using the 
equations of the motion {2,9,103.The diffeentiation of experimental dependencies 
(especially double one) is accompanied by the increase of derivatives errors. As a 
rule it results that the mistakes of the calculation of second derivatives of angular 
and linear coordinates with respect to the time or the longitudinal coordinate 
become the main part of the mean-square errorscf aerodynamic characteristics. The 
mistakes of the calculation of derivatives are directly proportional to the mean 
square errors of the measurement of linearand angular coordinates. Therefore the 
accuracy of the determination of aerodynamic characteristics of bodies m free flight 
depends in the main on me accuracy of measurements of their coordinates. The last 

is affected by: 
1) the quality and the feature of optical system of the installation; 



2) characteristics of impulse light sources used for exposing a photofilm and also 
characteristics of itself film; 

3) the quality of adjustment of optical systems cf installation; 
4) the quality of fitting local systems of coordinates to the laboratory coordinates 

system. . 
Two last factors can make the considerable contribution to the value ot errors 

of the measurement of coordinates . And so we are paying much attention to me 
adjustment of the optical equipment of the installation BU-88. Our methods of the 
adjustment of the optical systems of the ballistic range i2.1iiallow to measure the 
linear coordinates of the flying model with me accuracy OOlmnKt^y > 0.15 and 
the angular coordinates with accuracy <MB° < a % „ < 03 °. The superior limit 
corresponds with the case when me measurement of coordinates is carried out by 
shadow photographs and me inferior limit - by Toepler ones, ft allows to define the 
aerodynamic characteristics by me ballistic range    BU-88    with the accuracy 

CTCX = <*cy = 10 <rCm = 0.0G5-O.O15 [2]. . 
The ballistic installation GBU 43} is intended to me investigations of physico- 

chemical processes iefore and behind shock waves andinto hypersonic wakes, of 
heat physic processes, cf the interaction cf hypersonic bodies with motionless 
obstacle and so on , In many xespects its construction is like me cne cf the BU-88 
installation: GBU consists of the ©in. the system of cutting off ihe case ftomthe 
model, the pressurized chamber with the optical, etecteonic and c^her apparatus and 
the bullet assembler. But mem are me differences between the ballistic janges. So 
GBU in contrast to BU-88 has been equipped with bom 1he powder gun 
(V< 2,5 km/s) and the gasdynamic cne (V < ^.4 km/s)Besides the equipments of 
the installations are inherent as itis seen QnFig.1 andFig.4 which :demonstrate the 
schemes of the BU -88 and GBU ballistic ranges. 

The electrical discharge shock tube cf the plasmogasdynamiclaboratory {4] 
serves for researches ofphysko-gasdynamicpropertiescf shock waves propagating 
in plasma or in different ^ses. ft consists of the eleeüromagnetic shock tube 2 
(Fig.5) and the discharge chamber 4 which is created the glow discharge of me 
continuos current in. The shock waves of the blast type are generated^ me power 
impulse discharge between coaxial electrodes joined wim the fteding block cf me 
discharger. The velocity of me propagation of shock waves in the tube { up to 
1600m/s) is registered by means of the two-channel scmieren-system .31 Each 
channel consists of the fixed light source, of me ienses , of the optical slot, of tne 
optical knife and photopick-ups. A receiver, air evacuation valves, intake valves 
and systems of the pressure control are placed at the pressurized chamber 5. The 
pick-ups (thermocouples, electrical probes, piezopiek-ups and etc.) are fastened 
to the bar 6, which can be shifted along its axis at me great distance. The shift of 
the bar is carried out by means of the step motor which is operated by the signal 
coming from the control panel. The experiment is conducted cyclically (me interval 
between two cycles is ~ 2min). Thestart of the shock tube.ftie registration ofshock 
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waves all the measurements and the treatment of experiments data are carried out 
automatically with the help of the CAMAK system and of the personal computer. 

Thus the experimental base of the plasmogasdynamic laboratory permits to 
research aerodynamic characteristics and the flow around different bodies, heat 
physic processes and the propagation of shock waves in various gas media and 
plasma. Some results of these researches are described below. 

2.Anomalous Phenomena under Moving Shock Waves and Bodies 
in Reacting Gases 

In this section of the report we describe the results of theoretical and 
experimental researches of anomalous phenomena arising under a motion of shock 
waves and supersonic bodies in reacting gases. 

The first photographs of the free flight sphere in freon-12 demonstrating some 
of these anomalies (perturbances of the Shockwave front and the mviscid wake) 
were published in the Hilton monograph [121. Examples of similar photographs 
obtained by us at regimes of anomalous flow around a blunted body     m freon-12 
are represented in Fig. 6. 

Some time later photos of sphere flying in freon -1244,114 which 
demonstrate the bow shock wave and wake disturbances were obtained by W. 
Maslennikov, G.Mishin, G. Tumakajev in Ioffe Physico-Technieal Institute of 
Russian Academy of Sciences. 

As a result of these experiments it was ascertained mat the appearance ot 
flow disturbances is accompanied by the dissociation of freons. 

In 1976 the instability of shock waves {perturbances of the Shockwave front) 
was discovered in C02 ( p = 7.6 Torr , critical velocities V c =3.7. 5.3, 6.2 Ws) 
and in Ar (p*lTorr, Vc«llkm/s) [13]. Besides, in these experiments conduetedma 
shock tube it was found out that the shock wave^ front remained smooth when 
moving the shock wave with the velocity V < Vc. The authors ascertained mat 
regimes of the instability of shock waves discovered by them did not satisfy 
D'jakov's criteria of the instability of shock waves[ 141 Besides, they noticed, that 
the adiabathas Z-form by unsteady regimes. 

Perturbances of the relaxation zone in Ar {.p.«5 Torr , Vc ~ 4:5 km/s ) were 
discovered in [ 15 ]. The perturbances were decreased essentially by the hydrogen 

impurity. 
The strong shock waves instability in series of gases (Ar, C02, 02, H2, He, 

CO, air, water steam) was detected in shock tube experiments carried out under the 
pressure p < 5 Torr [ 16 1. But all the researches were fragmentary and did not 
explain the nature of the shock waves instability. 

We observe this phenomenon in freons in the sixties while researching 
aerodynamic characteristics and a flow around ttunted bodies in various gases. 
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These  researches are  conducted in connection with a creation of cosmic probes 
that was intended for the entry in the atmosphere of planets of the solar system. The 
bow shock waves instability accompanied with the turbulization of the inviscid 
wake behind the flying model whicliarises with attaining of critical numbers M has 
hindered conducting theseinvestigations and so we have learnedto fight with it and 
then began to study this phenomenon. In free flight experiments [ 17-19 I it was 
ascertained that characteristics of the matter of test models < metals, plastics > and 
their surface (roughness, sound vibrations) did not influence on beginning me shock 
wave instability. At the same time these experiments demonstrated that the rise of 
the instability and its development are affected by the kind of agas. me number M, 
the pressure and the form of a model. It was found out that the instability of the 
shock wave rises when the temperature of a gas and the pressure behind the shock 
reach values which are necessary to begin the weak dissociation of freons. The 
evaluation of the energy of turbulent fluctuations in the inviscid wake behind free 
flight models in freons gave the value commensurable with me vibrational energy m 
the blunt body stagnation point [20,21]. All the data permit to conclude that there 
is a mechanism of Iransformation of the energy of high excited inner degrees of 
freedom laid in a stock at the shock wave front in the kinetic energy. This 
mechanism brings to the intensification of small disturbances of ^asdynarmc 
parameters and consequently to the instability of the shock wave il7ä. Common 
concepts of such mechanism were formulated in Ref [22]. m this article it^was 
suggested criteria of the shock wave instability and was discussed one of the 
possible kinetic mechanisms - the   dissociation of excited moleeules with heating 
products of areaction(it was considered an occasion of molecules with one active 

The series of the following articles #3-25J dealt with icsmts of the searches 
of regimes of the instamlity of shock waves in different gases, ofthe elaborationof 
the instability criteria and of the study ofanomalous phenomena accompanying the 
shock waves instability. It is appropriate to note that in shock tube experiments 
[13 15 16 24 25] it was registered only separate regimes of the shock wave 
instabiiity'( though in different ^ases) . At that time in free flight experiments it was 
determined not only the fields of the existence < inp, M variables) of the instability 
of flow but also the position of neutral curves at the p M - diagram for different 
models of various diameters in some freons (see Re£[231). Theneutral curves pe 
=pc (M) separate the stable from unsteady flow at the pM-diagram. One ^of such 
curves is shown in Fig.7. According to dataof free flight experiments the location of 
neutral curves at the pM-diagram depends on me sort of reacting gas, en the form 
and dimensions of a body. 

The analysis of all the data [ 12-25] as well of new results concerning 
perturbances of shock waves, the emission, the drag, the heat flux and so on 
allowed to formulate fundamental features of the phenomenon of the anomalous 
relaxation (AR) in shock waves in gases [26] The AR phenomenon is a 
nonequilibrium effect and involves strong transfer of the excitation energy into 
kinetic one AR manifests itself in the series of effects: perturbation and destruction 



of the shock wave front, increase of body drag, increase of heat release behind the 
front, random perturbations of the relaxation zone, nonmonotonous change of the 
gasdynamic parameters with the distance from the front, anomalous emission. 

Theoretical bases of the AR phenomenon founded in Refs. [22,23,26] were 
supplemented and developed in Refe.{27,28J. As a result of these investigations it 
was suggested a simple criterion of determining regimes of AR : 

mV2=os* , (1) 
where m is mass of a gas particle before me shock wave, s a is me energy of the 
excited particle, a = a (pi, Tt ) is me coefficient depending on flow conditions 
before the shock wave , pt , Ti are me density and the temperature of me 
undisturbed flow. Thisrelationcan be written mme other fr^m: 

^Vc2 = 96asa .. (2) 
Here \i is the molecular weight, Vc is the critical velocity of arising the shock 
wave instability (in km/s), E a is in eV. 

Estimates Vc in different media conducted with using mis formula m 
supposing a = 1, e a = * a* ion have demonstrated the good consent of 
calculation data with the experiment [ 26-28}. 

The middle- densities of the- undisturbed: flow are feverabie for the 
development of AR as the flow is ^frozen under low densities (low numbers M ) 
and is equilibrium under hightiensities (high numbers M) and therefore conditions 
of a rise of this phenomenon are absent in both cases. And so neutral curves must 
be closed. But up to now the top density or pressure boundary of AR is not 
detected. The lower AR boundary is fixed distinctly by experiments in freons and 
Xe [23,26-28] ( see also Fig.7 of this report). 

The Z-form of the percussive adiabat is necessary to arise the phenomenon 
AR since in this case the dependence p= p(v) is nonsingle-vahied. And so m 
Ref. [22] the gasdynamic criterion of the shock waves instability was obtained from 
the percussive adiabat relation. Like the D jakov criterion mis one is limited and is 
not disclosing the physical reasons of the shock wave instability. In Ref [26] me 
series of the better criteria of the instability was obtained These criteria can be 
effectively used if the suitable kinetics is available . 

The simplest kinetic scheme taking into account the fundamental features of 
the phenomenon AR (the considerable rise of concentrations of excited particles, 
the formation of superequihbrium number of Mghly excited partides with sufficient 
life time, collisions ofthese particles with each omer , resmting m me mssodation 
of one of the particles with complete disactivation ) includes the following reactions 
[22,28]: 

l.A2+A2 = A2+A2
x 

2.A2
X+A2=A2*+A2 (3) 

3. A2* +A2*=A+A +A2+A E 
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Here A2 is a two atomic molecule,   A/ , A2* are   excited and strongly excited 
molecules,   2 £ (As* ) > e d , & is the energy releasing during the dissociative 
disactivation. This kinetic scheme adequately reflecting basic stages of the process 
AR is simplifying too the real processes. 

The analysis of experimental data and of feasible schemes of kinetic 
processes behind shock waves permitted to elaborate me mechanism of the 
ionization anomalous relaxation in inert gases. This mechanism gives satisfactory 
explanation to the nonmonotony of a distribution of ihe ^asdynamic parameters 
along the relaxation zone observed in experiments. The   mechanism includes 
reactions of the   accumulation of the energy of the shock wave in metastable 
particles, reactions of   the Iransformation of the excitation energy into a form 
suitable for rapid T-deactivation< me transformationof me excitation energy m me 
heat ), reactions of intensive T^deactivation with  regeneration of the metastable 
particles, processes of emission   in lines, processes of the ordinary ionization 
relaxation The scheme of the mechanism of the ionization- relaxation- behind stjock 
waves in the inert -gas offered in Re£{29] is shown in Fig.8. Results of me 
calculation of the proposed system of equatiom carried out in me some Re£{29}are 
represented in Fig.9,10. The computationshowed thepresence f&*£ shock waves 
in Ar of superequilibrium concentrations of components   A2

+ + A2 ^ A . where 
A = Xe,    and the nonmonotony of a change of gasdynamie parameters along the 
relaxation zone. Besidesvit was ascertained mat me formation of supereqaihbrium 
concentrations particles A/.which are able to accumulate the inner energy, coming 
from other regions by means of the emission, and men totransform it inme heat is 
necessary for rismganonialiesmme^asdynamic^stracture^^o^ 
waves, in Re£ [30] the authors earriedout me ftHer eatemation of me flow behind 
the shock wave front in   Xe   and computated adiabats at me different distance 
from the shock front. They discovered that adiabats have Z-fcrmunder V >2.5 iem/s 
and it points to the flow instability (^ee Fig. 11). 

Simultaneously with a development of theoretical researches the detailed 
experimental investigations of mfferent aspects of AR began. The peculiarities of 
this phenomenon in molecular^gases were studied in free flight (21,23,28,31-343. 
These investigations were conducted in gases containing halogens because the 
shock wave instability in such gases is observed by small numbers M < M ~ 3 ) 
while the one in airr CO2, CH4 A H 2 is absent up to number M -9 < accordingto 
the data of our free üight experiments ) . As a result of mis study it was detected 
that the location of boundaries of fields of the existence of the instability (the 
neutral curves pc = pc (M.■).) changes withthe kind of gas, the concentration of 
admixture of • other gas, the blnntness and dimensions of a body (21,32^3}. It 
follows from data of graphs of Fig. 12-15. it is seen that neutral curves are 
displaced in the region of the high pressure and large numbers Mwith the decrease 
of the diameter and the bluntness of a body. In that direction neutral curves are 
removed with increasing the energy of the gas tiissociation. The admixture of gas 



having the higher energy of the dissociation to the basic one calls the displacement 
of neutral cur^ in the-direction of the-increased the number M. 

The intensive instability of the shock wave was discovered in shock tube 
experiments carried out in Ar, Kr, Xe, N2, 02, C02 and other gases [13,15,16,23- 
28] These experiments were conducted by the pressure 1-25 Torr, in some tests the 
pressure was 50 or 100 Tom A few of experiments and the imritediange of the 
pressure have not allowed to obtain experimental neutral curves in these gases. 
Neutral curves of inert gases were  obtained analytically with using experimental 
data [26]. Shock tubes investigations were ascertained that the ftont bifurcation, Ae 
weak undulation of the shock wave, the disturbance of the relaxation zone, the 
nonmonotonic change of gasdynamic parameters behind the shock wave are 
precursors of large perturbations and destruction of its front {26-28}. in inert gases it 
was found series of peculiarities of emission: a narrow < less titan 1 mm > zone of 
intense glow immediateLy behind the shock wave front { Ar, M=26, p=3Torr ), a 
random emission field in   0j5Ar + 0.5Xe   mixture and so on {24-28]. These 
peculiarities (in particular, Ar I   and Xe Ulmes detected m the spectrum of the 
near zone of the shock wave in Ar and Xe,wnichareassoeiated^vith dissociative 
recombination of Ar2

+ and Xe^ ; the spectrum is obtained both mtheshocktube 
and in the low-density wind tunnel, Fig.16,17 ) represent ^unique elementary 
processes inherent to anomalous lelaxatioir The inve^ 
Ar and Xe nas demonstrated the leadingpart of metastaHe particles in development 

of AR [26-28]. . 
In the low-pressure tunnel experiments in which an Ar plasma having a 

metastable particle composition simulating nie state oehind the shock wave 
detached from a model at M=23, p = 0.5Torr, an appreciable increase of the heat 
flux was observed when the concentration of the metastables was mcreased from 3 
to 10% [26-28] (seealsoFig.l8>. 

In free fhght experiments it was studied the dependence of the amphtude ot 
shock waveperturbances on numberMat me regimes of AR indifferent gases and 
mixture [33,34]. it.wasfevesöed-ftat-^^t^^tBde^^e^fflcreases-wÄ^^HÄwM 
from 0 before the neutraleurve to its maximumhehmditandthendecreasesio 0 
when the flow becomesexpilihriumone- ThemamiioperturlKnce&trf shock w 
in equilibrium and frozenflows. Decreasingfteenergy of the dissociationTeadsto 
the decrease of the amplitude^shock wavepertnrbancesi33^41<seeEig,19). 

The shock wave 4xerturbance, the turbrf 
provoke arise of the dragofahody^flying at regimes ofAR. Such increase of the 
sphere drag ( up to 4% ) in freon-12was detected in Refe.{23,26-28{{Eig20). 33a£- 
inviscid flow turbulization arises because of the local spontaneous heat release m 
relaxation zone and perturbances ofthe shock wave which causeitheappearancetjf 
turbulent vortices of cordact^urfaces^And^othejemote wakeat ARjegimes looks 
as a fir-tree [31] (Fig.21). 

Thus nonequilihrium physico-chemical processes behind intensive shock 
waves cause gasdynamic anomalies arisingmielaxingmedia. Since plasnm is one 
of these   media, one can expect that   simnar phenomena exist in plasma while 
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moving bodies and shock waves in it. This idea has stimulated the investigation of 
flows arising by the movement of bodies and shock waves in low temperature 
discharge plasma. The results of these investigations are discussed m the next 

section of the report. 

3. Peculiarities of Flow around Bodies and Shock Waves Propagation in Plasma 

In this section of the report it is discussed the results of theoretical and 
experimental investigations of the flow around bodies and of the shock waves 
propagation in low temperature discharge plasma. These investigations are the 
logical continuation and the development of our researches of anomalous 
phenomena arising by the movement of bodies and shock waves m relaxing^gases^ 
As a result of these investigations it was revealed series of new and unexpected 
phenomena including the phenomenon of the anomalous flow around bodies in 

P aSmThe first photographs of the free flight sphere flowed in the discharge plasma 

were Qbtained-by.JuJSecOT tostltute- Pf* 
photographs demonstrated the considerable increase of the shock wave detachment 
from a sphere flying in plasma ( see Fig.22^3.). Someofthem impressed that there 
was the blasted release of the energy in the^hocklayer of Ae sphere. Andsothe 

first model of the anomalous itow..aro^ 
idea that behind the shock wave in plasma as well as at the regimes of ARm g*>es 
the energy of inner degrees of freedom (in particular, the oscillation energy [36] ) 
transforms in the heat one. According to the hypothesis the fast energy 
transformation causes the shock wave acceleration and the change of gasdynamic 
parameters behind it. But inRe£[37] it was revealed bythe cakdationxnethodsihat 
the acceleration of shock waves in plasma is conditioned practically completely by 
the heat effects One can make the same conclusion if he will analize m commonidl 
the data of experiments on the velocity of the shock waves propagation m plasma 
and heat gases [37-43]. Tliisisareason why we rejected this hypothesis. 

The following experimental investigatbns in shock tubes revealed series of 
peculiarities of the shock wave propagation in plasma, in particular the Shockwaves 
structure change [38-45]. According to Refs.[39,40.45 ] shock waves m plasma 
have a three-wave structure and consist of leaders, precursors and residual waves 
( see Fig 24 ) Velocities of the propagation of the leader VL; me precursor V^and 
the residual wave Y0answer the inequahty VL > VP > V0 . So for as the leadens 
of no noticeable importance in gasdynamic processes, we shall not examine rt later 

The shock wave sphttingin plasma and the change of the detachment of the 
shock wave from a body and of the drag coefficient discovered m free fhght 
experiments testify to the existence of two velocities ofthe sound frozen or plasmic 
ap and equüibrium or adiabatic aT . These velocities satisfy the mequahty a^ar. 
The value ofthe adiabatic sound velocity is calculated by usual methods. The value 
of the plasmic  sound velocity     was  determined from the  displacement  of 
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dependencies A = A (V) (A is the detachment of the shock wave from a body) 
or dependencies Cx = Cx ( V ) in plasma and in air [46-49]. According to data of 
measurements of the detachment of the bow shock wave from the sphere [46,47] 
(Fig.23 ) and of the drag coefficient of the sphere [48,49] ( Eig.25 ) in air plasma 
the value of apis ~UaT . It is necessary to note that the coefficient by aT can 
change with the degree of the excitation of molecules and atoms in plasma. The 
character of changing the detachment of the shock wave from the sphere and the 
structure of the shock wave in decayingplasma with time t points out it [50,51]. 
According to data of these references the detachment and the structure of shock 
waves in decaying plasma do not change by t<2ms and turn out near ones in 
undisturbed air by t > 200ms < the data of Fig. 26 demonstrate me character of 
changing the shock wave structurein decaying plasma of air and Ar), ft means 
that the electronic temperature Te does not exert the noticeable influence on the 
sound velocity in plasma a p on reaching some thereshold of the molecules 
excitation. And so the estimations of the value of this velocity xamed out wilhusing 
the data of experiments of Re£{46] ( T e -1-2 e V ) and of Re£{48] (Te =5-6 e¥) 
proved indentical. Therefore one can take mat in rase of discharge plasma with 
Te > 1 eV the sound velocity is ap~30iT. Hence supposing y =Cp/cv=l-25 
and using usual relations of thenormal shockand of mesttockwavererlectedlrom 
the flat wall it is no troubles to xalculate the values ofthe static-and stagnation 
pressure behind the precursor and the pressure behind me precursor reflected from 
the flat wall. The results ofthese ^atoulations-eonducted in Ref.{49] are represented 
in Fig.27 where it is shown the dependences P2p / P2b = f ( Mb ), P0 p / P0 b=T^Mb>, 
p3 / p3 b =f ( M b )• Here P2 is the static pressure behind.the shock, P"© is the 
stagnation pressure behind the shock, P3 is the pressure .behindthe shock -wave 
reflected from the wall ^ the indices b and p are concerned parameters of the 
shock wave in cold airand of the precursor in plasma, ft is seen onthis figure that 
the static and stagnation pressure behind theshock wave in plasma makesnp 
40-50 % of the correspondingpressure in cold air. The data of experiments obtained 
in shock tubes [38,39,41] are confirming this result. The analogous decrease of th& 
stagnationpressure in the air flow (40-60 %) and the increase of the detachment of 
the shock wave froma body oy switching on the glow discharge was registered too 
in experiments carried outmthe aemdynamic tunnei]52]. 

As it was mentionedabove, the shock wave by entering the discharge field 
is splitted into two ( excluding the leader:.) following each other waves, ona of 
which is high frequency {theprecursor)andanotheris lowfrequency (the/residual 
wave ). The splitting of the shock wave is the specific feature of its propagation in 
plasma. The amphtude of both waves is considerably less man one in ^old air 
undisturbed by the discharge < see Fig.26 ). At mat time the summary shock v\rave 
impulse influencing on the piezoelectric probe remains without any change 
irrespective of the shock wave propagates in air or fnplasma. And so the duration 
of the impulse in plasma is considerably greater than in air f Fig.26). 
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According to Refs.[51,53\ the precursor and the residual wave in air plasma 
exist apart during 50 ms after the discharge current interruption ( in these 
experiments the velocity cf the shock wave in cold air was 625 m/s ); The data of 
Fig.28 give the notionttf me character trfa-change of the ratio oftheanmlitude of 
the precursor in Ar and air plasma to the amplitude of the shock wave -in cold 
gases with the time. It is seen en mefigure mat me Telative value of Hie precursor 
amplitude changes in ah plasma from 024 < T = 0 ) to &42 ( x = 50ms % The 
precursor amplitude in plasmais less than me tresidual wave amplitude. The values 
of amplitudes are evened mß-Tms after me interruption of the discharge current. 
The complete restoration of the amplitude and the structure cf stock wave in 
decaying plasma to mesarneinundisturhedcoM in i00-12üs. Tnercare 
the similar effects in decaying argon plasma But in mis case the apart existence of 
the precursor andtheresidualvrave is observedby x< 150ms andin 15 msafier 
the current interruption the precursor and residual veave amplitudes prove to he 
equal. The residual wave inplasmacf air and Ar erodes a great dealandxesembles 
few the real shock waveandso it is not seen^at the photographs obtained in hee 
flight experiments. ftmeansthatttoPhotlo^ 
in the precursor and by virtue of that feet the values of the drag and other 
aerodynamic coefficients of hodies moving in plasma vdth the supersonic velocity 
are appointed in the mam by the precursor. As the precursor is formed hy the 
acoustic waves of tto high /frequency, the parameter xyf modeling flows can-be the 
Mach number M = ¥/ a p, where   a p is the flozen velocity t)f the sound < in air 

plasma  ap*30VT), 
Taking it inta account and knowing that die drag coefficient Tatio 

Cx= Cx- pV2 /2P0' is notdepenchhgon the ratio of specific heats f54] (seeEg.29), 
we (following Ref.{49}> shall present the Tesuits of measuring me drag coefficient of 
the sphere in plasma 148] in the form of the graphic dependence Cx = Cx ( M ) 
(Fig.30). The value&ofthe coefficient Cx of sphere inplasmaandas wehin_other 
media are plotted on the diagram. Looking at the diagram one can conclude mat me 
values Cx of the sphere in plasma and in other meffia are near with each other. Tf 
one supposes that this effect takes placein case of other bodies-toc41ikefhe4ata 
of Fig.29 ), it gives an opportunity of evaluating me drag coefficient of any body 
in plasma with using the data of measurement of this coefficient in any gas < in air 
for example). The method of evaluating is evident: 

Cxp = Cxs     "op '     "osi %  r 
where indices p and s concern accordingly plasma and gas. 

As the drag of a body flying with the set velocity is directly proportional to 
p Cx, one can influence on its value not only hy the Cx  change but by the change 
of the density which depends on both the gas temperature and the degree its 
dissociation. So the summary drag in plasma by conditions {48] decreases 4-10 
times as the value of the drag in cold air. 
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In Refs [26,50,55] it is studied the character of the change of the heat flux in 

plasma but the data obtained was discrepant. So the results of Ref. [26] demonstrate 
the increase of the heat flux with the concentration of metastablesjn Ar plasma 
(see Fig 18). The analogous increasing of the heat flux was fixed in air plasma [55]. 
At that time in Ref.{50j it was compared the results of measurements of the ablation 
of the sphere flying with the velocity V = 23iQm/sin plasma and air heated to me 
plasma temperature ( T -1400 K ) and it was discovered the substantial decrease 
of its value in decaying plasma ( x - 1.7ms ) ~ 4 times as in air mat pomts at 
decreasing the heatflux in plasma. The decrease of me ablafionandthe heat flux^m 
plasma in comparison with air can be connected wdih decreasing number M m 
plasma and the stagnation temperature behind the shock wave. 

Thus the whole complex ofdata obtained in freefhghtmshocktubesandin 
aerodynamic tunnels points that the reason of gasdynamic anomalies arising by the 
movement of shock waves and bodies in plasma is peculiarities of me propagation 
of the sound in it. These peculiarities arecaused by the difteience of parameters of 
relaxation processes ( time and velocities of relaxation and eta) under the 
propagation of small perturbances in air or other relaxing :gases and m plasma^ 
Therefore the investigation of physico-chemical processes by the propagation cf 
sound and shock waves in plasma is of the greatest interest nowadays. But similar 
investigations were carried out not much till now and they have a contradictory 

Some experimental investigations of the behavior of the charged component 
of discharge plasmaJby passm&^.1he.shodLT»aveweEexamedtmtmdiDckli^ of 
the electrical discharge type {56-58]. Ine experiments were conducted m the 
longitudinal discharge under conditions of me restriction of me plasma field by 
walls of the working sections of shock tubes. In Re£[59] the verticalmscharge did 
not touch shock tube walls. Shock waves in all the articles were generated by 
impulse electrical discharger, m some shock tubes one could cbtam usual shock 
waves with the lon& uniform profile of the pressure behind their fents and shock 
waves of a blast type. Single and double probes , SHF- interferometers, mass- 
spectrometers, schlieren-systems and other devices were nsed in these experiments 
for the measurement of plasmaparameters. 

As a result of investigations in Refs.{56^7] it was revealed mat there is me 
jumping increase of the electron concentration r^ atthe shock front in argon and 
nitrogen plasma (see Fig.3U2 )with ne increasing by the discharge current growth. 
This phenomenon is accompanied by the jumping decreasing of me electron 
temperature Te behind the shock front L5-2 times as before it ( Fig.31,32 % The 
value ofthe ru jump at the front of the shock wave depends on the orientation of 
the electric fields ofthe discharge and of the shock wave (the arnbipoiar field of me 
shock wave appears because of the diffusion of electrons at its front % Ine value of 
the ne jump behind the shock front by the identical orientation of the electric fields 
is considerably larger than by the usual gasdynamic compression. The electron 
concentration ander the opposite orientation t>f me -fields remains the same as m 



14 

case of the gasdynamic compression. There are the similar uneven changes of the 
concentrations of ions N+2 , N+, 0+, OH+, H2 0

+, N3
+ at the shock wave front m 

nitrogen discharge plasma ( see Fig33). It is necessary note that changes of the 
concentration of charged particles and of the electron temperature correspond with 
the character of the change of the density behind the shock wave. 

In Ref.[58] it was confronted data of measurements of the pressure p, the 
density p the luminosity of plasma J and the electron concentration He while 
passing the shock wave through plasma of a glow discharge ( see Tig34 ). Itwas 
ascertained that in plasma the shock wave erodes, the jump n* arises at tfs front 
and the plasma luminosity decreases . All the effects correlate with each other and 
with the character of the xhange of the density at the shock Tsrave ftont So the 
maximum n. conforms the minimum of me luminosity of plasma that points at the 
existence of processes of me stimulated ionization with the participation of the 
excited particles at the shock front in plasma. 

Conducting the experiments in the decaying plasma of C02 the authors ot 
Ref [58] discovered two maxima n* (Rg.35 ). The former was indenttfed with the 
leader-precursor. The velocity of its propagation ( ~ 50km/s ) is much morethanthe 
shock wave velocity. The secondof me maximais caused by the compression ot the 
electron component of plasma.. 

In Refs.[59 60] it was fulfilled the probe measuring m the free glow discharge 
in air The measurements were conducted in the steady-state discharge and m the 
discharge perturbed by moving shock waves. It was obtained the lachal % 
distribution in the steady-state discharge and was revealed that Te is constant and 
is equal 1-2 eV practically in all the discharge field. The concentration n has the 
bell form with the maximum at the discharge axis (n+~ 8-1011, see Eig-36 ) 

The double probe investigation of the plasma conductivity {59] allows to 
ascertain that shock waves influence on the concentration n+ . The n+ dependence 
on the time is not monotonous^nd reflects the three-wave structure ^ shock waves 
in plasma The concentration n+ decreases by moving the leader, the precursor and 
the residual wave inplasma. The first minimum n+ is placed behind the precursor 
front with the value of the minimum depending on the probe location. The n 
concentration is minimum at the discharge axis. At the same time the single probe 
investigation of the plasma does not display the jump potential m plasma while 
passing shock waves. 

The experimental discovering of the compound structure of shock waves m 
plasma stimulated theoretical researches of the distribution of plasma parameters 
near the front of shock waves moving in weakly ionized gas (see e.g, Refs.[61,62]). 
Although these researches did not ascertain the nature of the anomalous phenomena 
nevertheless they confirmed the existence of electrical precursors before shock 
waves moving in plasma. 

Studying the time of the existence of the anomalous dynamic properties ot 
decaying plasma it is possible to clean up the character of physico-chemical 
processes taking place under the  propagation of shock waves in low temperature 
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Plasma First such investigations were carried out in Ref.[63], their results are 
shown in Fig 38 where it is demonstrated the dependencies of the propagation 
velocity and the amplitude of the shock wave moving in decaying plasma on the 
time after interrupting the current of the discharge. In this reference it was revealed 
that in the diapason of me time 0 < x < xj = tms 1he shock wave velocity is 
practically invariable and then it decreases exponentially (the constant of the tone 
~10ms ) approaching the velocity of the shock wave in cold air in the tune -100s. 
The amplitude of the shock wave under x < x l =1 ms after interrupting the 
discharge remains without changes ( Ap / A. - 02 ) too and then it increases 
monotonously up to the value Ao ( A, , A« are amplitudes of shock waves in 
plasma and in cold air ). The intensity of the luminescence of plasma decreases 
sharply after the interruption of the discharge current (me time constant 
x~l 5mks ) and then decreases slowly wühlhetime constant x -3:5ms. Thouglrthe 
times of these processes correlate each other, nevertheless in mis reference these 
times were not compared to the characteristic times of the relaxation processes m 

plasma. .     .   ., 
In detail the influence of the shock wave on the piezoprobe locating in the 

decaying plasma was studiedin Refs.[51,53J. The specific peculiarity of the shock 
wave propagation in plasma is its splitting by entering the discharge field mto two 
following each other waves: the precursor ( the high frequency part of the shock 
wave ) and the residual wave (the low frequency part of the shock wave ), fnthese 
Refs [51 53] it was studied the dependence of the signal xrf the piezoprobe 
registering both waves on the time. The experiments were carried out in decaying 
plasma of the glow discharge under the pressure p = 33 Torr and me shock wave 
velocity ( in the absence of discharge) V = 625m/s. As a result of these researches 
supplemented with Ref.^3] it was ascertained the next characteristic times of the 
process of the propagation of the shock wave in decaying plasma: x 2 = 6-7ms is 
the time of evening the amphtudes of the precursor and the residual wave; 
x 3 ~ 50ms is the time of separate existence of the precursor and the residual wave; 
T4~ 100s is the time of restoration of the amplitude andthe structure of me shock 
wave in decaying plasma to the values in cold air. 

In Ar it was ascertained only two of the characteristic times: x 2 ~15msis the 
time of equalizing the  amplitudes  of the precursor and the residual wave; 

150ms is the time of separate existence of the precursor and of the residual 
X 3 

wave. 
The estimates conducted in Ref [53} show that the time of decreasing the 

concentration of the charged particles in decaying plasma one hundred times is 
equal ~ 2ms. This time correlates with the time  x h During the time    x t  the 
amplitude of the shock wave and its velocity are not changing. Therest of the 
characteristic times (excluding x4)was not identified. 

The investigation of the shock wave reflected by the plane waH was earned 
out in Refs.[64,65]. The experiments were conductedby the pressure p= 3-30 Torr, 
the current density in the discharge j = 30mA/cm\ the velocity of the shock wave 
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in cold air V0 =400-600m/s, the duration of the flow of shock-compressed gas 
t=150-200mks. The fall shock wave in plasma was of the typical three-wave 
structure (the leader, the precursor, the residual wave.). Under the reflection of the 
shock wave propagating in plasma from the wall mere is the interaction of its falling 
and reflected elements. That conducts to much more erosion of -the reflected shock 
wave than the falling wave ( see Fig39 % At the same time the specific plasma 
formation arises near -the plane wall. All first it envelopes the field ~3 3cm from the 
wall, then it squeezes into me region ~2cm fromihe wall The time of its arising is 
~200ms, if the experimental conditions are following : V0 -=5O0m/s, pa=12 Torr, 
p e / p 0=1; where index e is concerned the plasma formation, index0 is concerned 
cold air. This formationis founded in the frozenstatefora sufficiently longtime. Its 
life time depends onJhe pressure z x-500ms under p^llTorr and T=2000ms 
under p0 =30Torr. Aöerthat me disintegration of theplasmic formation takes place. 
The concentration of the electrons by all mat decreases the first as -13 times and 
then restores up to jtsJnitiallevel existed before the disirrtegration of 1his formation 
[65]. And so the plasma conduction decreases as ~ 2 times. Thus the plasma near 
walls shows the higher -dielectrical properties than nsual plasma of the glow 
discharge . 

Of course the obtaining of the new information on details of physico- 
chemical processes proceeding by the movement of shock waves in plasma is an 
important result of the researches earriedout, but me role of these processes in me 
rise of the anomalies of the propagation of sound and shock laraves imion- 
equilibrium plasma is not disclosed up to date. 

Reviewing all the-set formMormationwe can affirm that all the gasdynanric 
anomalies arising by the movement of shock v^aves and bodies in non-equilibrium 
plasma are stipulated by the pecuharities of the propagation of sound waves in 
relaxing media and in the end by the physico-chemical processes taking place in 
plasma. 
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Re   _ 

Fig.2 Diapason of change of numbers M and Re in free flight experiments: 
l)BU-88, freon-12; 2)BU-88, air; 3)trajectory of cosmic probe, enter 
velocity Ve =8km/s; 4)trajectory of cosmic probe, Vc=l lkm/s; 5)trajectory 
of middle- range rocket; 6)trajectory of long-range rocket; 7)Re=2-10 . 

Fig 3 Optical scheme of BU-88 installation: 1) spark sources; 2,8) objectives; 
3)tum mirrors ; 4) glass window ; 5) coordinates system; 6,10) cassete; 
7)pressurized chamber ; 9) knife. 
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Fig.5.Scheme of electrical discharge shock tube: l)electrical discharger ;2)shock 
tube; 3)two-channel schlieren system; 4)discharger chamber ; 5)pressunzed 
chamber with vacuum equipment; 6)shifted bar with probes. 



Fig.6. Flow around segmental disk (R/d=1.5; d=28mm) in freon-12, p=0.04MPa, 
number M : a)2.6;   b)3.9;   c)4.3; d)6.7. 

*. 



Fie.7. Neutral curve for sphere 010mm in frcon-12: l)llow is unsteady; 2)flow is 

steady; 3)neutral curve. 
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Fig.8. Scheme of mechanism of ionization relaxation beliind shock waves in inert 
gas [29]:I-channel of anomalous relaxation with regeneration of excited 
particles A+; Il-charrnel of relaxation with irreversible distmction of 
particles A ,A2

+. 
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Fig.9. Distribution of components concentration behind shock wave in Xe [29]. 
[AHXe].Parameters before shock:Mi=16.8f p,=3.3-1O5 g/cm^Ti^OOK-fA*]! 
=[A+*],=3-1012cm-3; [e]i=1013cin3.Kinetic coefficiente,cm3/s: k, 1=2.5-10'3- 

VT-exp(-104400/T); k1.3=1.740-845VT-exp(-25520/T); k2 ^lO^iy067; k22=10"6; 
k2..3=10-9exp(-104400/Te); k25=l(r5iY0-67; k3..3=10-3exp(-37120/Te), 
k3.i=1010s"1. Equüibrium parameters: [A2e

+|=1012cm"3, [A;]=7-10l3cm: 
l)without regard for absorption of emanation by ions A2 

+; 2)with regard 
for absorption of emanation; k?li4=1.8-10's , k1

1.4=2- 106s \^-i 
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Fig. 10. Distribution of gasdynamic parameters and Te behind shock front in Xe 
(parameters before front are the same as on Fig.9) [29]: l)without regard 
for absorption of emanation by ions Xe2

+; 2) k\.4 =9-10's", kY4=10 s"; 
3)kV4=1.8-107 s-\ k\.4 =2-10V; 4) kj

1.4=1.4-10V, k^-loV1. 2-4)with 
regard for emanation absorption, J(A^)=104-2-104 Wt/cm2 in field 
A^=200-500nm. 
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Fig. 11. a)Dependence px on M(p-pressure before shock, x-relaxation time): 
l)experiiuent [66]; 2) experiment [67]; 3) calculation [30]. 
b) Hugoniot' s adiabat for states behind shock wave in Xe (pi =5Torr, 
T!=300K): 1- equilibrium state, 2)frozen state; 3-5)nonequihbrium state. 
V=4km/s: Xo^O.Scm; V=2km/s: Xif=4cm (x0 -length of relaxation zone). 



0.15 

a.10 

0.05 ■ 

8 M 

Fig. 12. Neutral curves p = p(M) for the sphere in different gases. Dark points: 
flow is unstable, -light points: flow is steady. 
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Fig. 13. Neutral curves M=M(xj) for segmental body (d=27mm,R/d=l.5) in 
freons-12, 114 and their mixture with inert gases: 
a)freon-12 und its mixture: 1)F-12; 2)F-12+F-114; 3)F-12+Ar; 4)F-12+Xe; 
b)freon-114 and its mixture: 1 )F-114; 2)F-114+F-12 3)F-114+Ar 
4)F-114+Xe; 
xrPi fo p=0.04MPa is mixture pressure, p{ is partial pressure of 
admixture, pF12>1M = 0.04(1-Xi ) MPa is pressure in pure freons. 
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Fig. 14. Neutral curves in freon-12 for sphere of different diameters d:l) 10mm,2)20 
3)27.   Dark points: flow is unsteady; light points: flow is steady. 
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0 0,1 0 2        MPa     P 

Fig. 15. Neutral curves in freon-12 for different bodies (d-27mm)[33]. 
Calculation: cone, angle: 1)30°; 2)60°; 3)120°; experiment: 4)segment body 
(R/d=1.5); 5)sphere. 
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Fig. 16. Xe spectrum in shock wave for abnormal relaxation regime obtained in 
low-pressure tunnel. 

Fig. 17. Xe spectrum in shock wave for abnormal relaxation regime obtained in 
shock tube. 
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Fig. 18. 1I2 admixture inllucncc on heat ilux (a) and on. Ar excited atom 
concentration in shock wave (b). 
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Fig. 19. Relative amplitude of pulses of bow shock wave detached from segmental 
body (R/d=1.5, d=27) A/d versus number M in freons and their mixtures. 
F-12, p:.l)0.04MPa; 2)0.03; 3)0.017; 4)0.012; 
mixtures, p=0.04MPa: 5)0.75F-12+0.25Ar; 6)0.5F-12+0.5Xe;7)0.75F- 
12+0.25Xe; 
F-114,p: 8)0.04MPa; 9)0.02; 10)0.01; 11)0.005; 
mixtures, p=0.04MPa: 12)0.5F-114+0.5Ar, 13)0.75F-114+0.25Ar; 14)0.5F- 
114+0.5Xe; 15)0.75F-114+0.25Xe. 
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Fig.20. Drag coefficient of sphere in freon-12 and air versus number M. 
Freon-12:l)Re=1.5-107, 2)2-106[23];    air: 3)Re>2-106 [68]. 
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Fig.21. Fir-structure of wake. 
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Fig.22. Flow around sphere in air plasma [46,47]. V=2100m/s; d=20mm; plasma 
pressure is 40 Torr, its temperature is -1400K [46,47]. 
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Fig. 23. Ratio of the detachment of shock wave from sphere in plasma Ap to the 
same in heated air AT versus model velocity [46,47]. 
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Fig.24. Density behind shock wave (V=500m/s) in: l)plasma; 2)cold air [39]. 
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Fig.25. Coefficient Cx of sphere versus its flight velocity V in: l)plasma;2)cold air. 
Temperature of plasma is -1250K, pressure is 15Torr, diameter of sphere 
is 15mm. 
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Fig.26. Character of change of pressure in centre of decaying plasma of air (2-5) 
and of Ar (7-10) when moving shocks tlirough glow discharge in different 
intervals of time after current hiterruption tc: 1,2-air and Ar without 
ionization (p=33Torr,T:z=293K). Temperature of plasma is 1420K in air and 
lOOOKinAr. 



Pa 
1.0 

0,5 

0 

45 

M 

Fig.27. Ratio pp/pa(pp is pressure behind precursor in plasma, pgis pressure behind 
shock wave in air) as a function of number M. Calculation [49]: l)static 
pressure, 2)stagnation pressure, 3) pressure belrind shock wave reflected on 
flat wall; experiment: 4)[39,40]; 5)[51]. 
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Fig.28. Character of change of relative amplitude of precursor in decaying plasma 
of air (1), Ar{2) and mixture 0.1Ar+0.9air (3). Ap,Ao are amplitudes of 
precursor in plasma and shock wave in nonionized gases. 
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Fig.29. Generalizing of results 'of measurement of drag coefficient of blunted bodies 
in different gases. 
Sphere, y : 1)1.14, 2)1.29, 3)1.41, 4)1.67[69,70]; 5)1.41[68]; 

segment (0C=60°), y: 6)1.14, 7)1.41, 8)1.67[4]; 
blunted cone (0o=60°), y: 9)1.16, 10)1.14 [71]; 
segment (0 =70°), y: 11)1.14, 12)1.41[4]; 
blunted cone (0C=7O°), y: 13)1,16, 14)1.41(71]. 
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Fig.30. Drag coefficients of sphere Cx and  Cx =CX / po   (  p'o=2pV pV2) in 
different mediums: 
Cx>  p=2kPa: l)air (T=290K); 2)air (TM250K); air plasma (T=1250K); 
Cx, p=2kPa: 4)air plasma, 5)air; 

p=0.1MPa: 6)air, 7)C02, 8)Ar, 9) CF2C12. 
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Fig.31. Concentrations of charged particles n and electron temperature Tc near 
shock front in argon plasma [56]. 
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Fig.32. Concentrations of charged particles n and electron temperature Te near 
shock front m nitrogen plasma [57]. 
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Fig.33. Ions concentration near 
.[57], Ai,%. 

ar front of shock wave in discharge nitrogen plasma 
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Fie M. Character of change of pressure p (a), of density p (b), of plasma 
luminosity J(c ) and of electron concentration ne(d) with time during 
movement of shock wave in plasma (l) and in cold air (2). 
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Fig.35. Oscillograms of SHF signals in C02 plasma of pulse discharge : 
l)moment of entrance of shock in cUscharge field; 
2)time of coming of shock to section where two schlieren-systems are 
placed; A, B are maxima of nc; channels k„ k2 are placed 150mm one after 
another, p=6Toir, V=1200m/s. 
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Fig.36. Radial distribution of electron concentration nc in glow discharge . Data 
are obtained by .3 methods of treatment AV characteristics. 
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Fig.37. Oscillograins of current impulses of double probe: x- position of probe with 
respect on axis of discharge , mm; position of shock front is shown by 
arrow. 
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Fig.38. Dependences of velocity (a) and amplitude (b) of shock wave in decaying 
plasma on time . Ao, Ap - amplitudes of shock wave in cold air and in 
plasma. 
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Fig.39. Structure of shock wave reflected from flat wall in cold air (1) and plasma 
(2). p=12Torr, V=500m/s. 


